Dipyrido uronium salts can readily be synthesized by alkylation of dipyrido ureas with Meerwein's reagent. Compared to the corresponding ureas, the uronium salts are more reactive towards basic or reducing agents like metal hydrides. Reactivity studies show that the uronium salts can react as alkylating agents towards DMSO, DBU and NaOEt along with release of the respective dipyrido ureas. In contrast, reduction of the dipyrido uronium salts with sodium borohydride or sodium trimethoxyborohydride in dry and degassed acetonitrile leads to the imidazolium salts 7a and 7b in moderate yields. Analysis of the by-products reveals an in situ carbene formation which can be reversed by using degassed but wet acetonitrile as solvent. The yield of 7b was increased significantly by these means.
Introduction
Urea, the bisamide of carbonic acid, is one of nature's final oxidative degradation products of organisms [1] . This already demonstrates that ureas are extremely stable chemical compounds, and the reverse reaction -the reduction of ureas, is neither intended by nature nor easy to achieve in the chemist's reaction flask. A general method is not only the reduction of saturated cyclic and acyclic ureas with lithium aluminum hydride to the respective diaminomethylenes [2] , but the electrochemical reduction is also known [3] . Because of our interest in dipyrido-N-heterocyclic carbenes [4] , our goal was the use of dipyridoimidazolin-2-ones as new substrates for the preparation of dipyrido-annelated N-heterocyclic carbenes. This should allow us an access to the synthesis of ortho-substituted species. While thioureas I can be oxidatively desulfurated to the respective imidazolium salts II and subsequently converted to Nheterocyclic carbenes by base, or directly reduced to the carbene III by potassium [5] , such direct reactions are not known for the respective ureas IV and VIII (Scheme 1). Imidazolidin-2-ones IV are more reactive towards nucleophilic attack than imidazolin-2-ones VIII or dipyridoimidazolin-2-ones 2 and can 0932-0776 / 10 / 0700-0861 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com be readily converted to chloroformamidinium salts by reaction with neat POCl 3 at 100 • C or oxalyl chloride at 60
• C [6] . However, with two exceptions under harsh conditions [7] , such reactivity is not known for imidazolin-2-ones VIII where it leads to decomposition in case of the dipyrido-annelated analogs 2. Therefore we decided to activate dipyridoimidazolinone by alkylation to the respective uronium salts 3 and 4. Activation of ureas by conversion into the respective uronium salts via alkylation is well known in literature [8] , especially the route to fulvenes is a very prominent example [9] . In the case of 2-ethoxytetramethylimidazolium tetrafluoroborate, we were recently able to synthesize strongly zwitterionic fulvenes [9b] . We also reported a new two-step process to reduce imidazolinones VIII as well as dipyridoimidazolinones 2 to the respective imidazolium salts 7 [10] . In this paper we now present a more detailed investigation of the reaction conditions, of the mechanistic aspects as well as the structural features of the compounds involved.
Results and Discussion

Preparation of dipyridoimidazolinones 2
Dipyridoimidazolinone 2a was first synthesized by Weiss et al. by hydrolysis of an alkylselenoimid-Scheme 1. Various methods for the conversion of imidazole-based ureas and thioureas to the respective imidazolium salts or carbenes.
Scheme 2. Synthesis of imidazolin-2-one 2a according to Weiss via selenourea XII, and by hydrolysis of the guanidinium salts 1a and 1b which can be obtained according to Donovan and Morgan from dipyridines XIII [11] . azolium salt generated by alkylation and hydrolysis of the respective selenourea XII (Scheme 2). The selenourea was prepared by trapping the in situ-generated carbene (from imidazolium salt XI) by elemental selenium [4b]. Since we wanted to use the dipyridoimidazolinone 2 as a starting material, we needed a simple way to prepare this compound. We found that the respective guanidinium salts 1a and 1b can be easily prepared according to Donovan and Morgan by Vilsmeier formylation of dipyridine XIII [11] . We subsequently hydrolyzed 1a, b under strongly basic conditions to obtain the dipyridoureas 2a and 2b in 74 -79 % yield as deep-red crystalline solids after recrystallization from toluene. Alternatively, the synthesis can be run as a one-pot procedure without isolation of the guanidinium salt 1b in an overall yield of 69 % (2b) and reisolation of 25 % of dipyridine XIIIb after workup by sublimation at 100 • C. Scheme 3. Formation and reduction of the imidazolidine-derived bisuronium salt XIV leads to the imidazolidinium salt VII and the starting material IV. Fig. 1 (color online). Molecular structure of 2a in the solid state as determined by X-ray structure analysis. H atoms are omitted for clarity.
The dipyrido ureas 2 are not indefinitely stable under air and should be kept under nitrogen. They are sensitive towards acid and acidic impurities, for example in dichloromethane and chloroform. As already observed for the free carbene, the tert-butyl substituted species 2b is thermally more stable (T (dec.) = 199 • C) than the non-substituted dipyrido urea 2a (T (dec.) = 125 • C) [4c]. In addition, 2b is more stable towards air and chlorinated solvents. Although an elongation of the C=O bond could be anticipated because of a possible zwitterionic character caused by a strong stabilization of the imidazolium cation, neither the IR ν(C=O) band nor the bond lengths of the X-ray structure analyses show any unusual values. The IR band (KBr) is found at 1685 cm −1 (2a) and 1679 cm −1 (2b). This value is only slightly smaller than for N,Ndiphenylimidazolin-2-one (1690 cm −1 , KBr) [12] or for the saturated N,N -diphenylimidazolidin-2-one (1690 cm −1 , KBr) [13] .
In the solid state the C=O bond lengths have values of 1.235(2)Å (2a) and 1.251(2)Å (2b), which clearly corresponds to an albeit slightly elongated C=O double bond. Fig. 1 shows the molecular structure of 2a while Fig. 2 shows the packing motif of 2b in the crystal.
Attempts to reduce the dipyrido urea 2 with sodium borohydride or lithium aluminum hydride failed. The reaction with POCl 3 to form the 6-chlorodipyridoimidazolium salt also failed due to decomposition, as well as the reaction with Lawesson's reagent to obtain the respective thiourea. 
Synthesis of 6-alkoxy-dipyrido[1,2-c;2 ,1 -e]imidazolium salts 3
Stang et al. reported that imidazolidinone IV can be activated by trifluoromethanesulfonic anhydride to obtain the bisuronium salt XIV (Scheme 3) [14] . This compound can be reduced with NaBH 4 to obtain the respective urea IV and the imidazolium salt VII. To avoid loss of half of an equivalent of the imidazolinone (although it could be recovered), we propose that O-alkylation of the respective urea and subsequent reduc- tion (Fig. 3 , Nu − = "H − ") could lead to the desired imidazolium salt if the hydride attack would occur at the uronium atom C-2 (pathway a) while nucleophilic substitution at the alkyl-C-atom would lead to the undesired alkane (pathway b) (or alkene, if deprotonation would occur, pathway c) along with one equivalent of imidazolin-2-one.
Preparation of the uronium salts with Meerwein's reagent trialkyloxonium tetrafluoroborate (R 3 OBF 4 ) turned out to proceed in a straightforward way [8] (Scheme 4). The starting materials were combined at −35 • C in acetonitrile (R = Et) or dichloromethane (R = Me) and allowed to warm up to r. t. with stirring overnight. After removal of the solvents in vacuo, the uronium salts remained as green (3a, 4a), darkgreen (3b) or orange (4b) crystalline solids that need to be stored and handled under argon. While the tertbutyl-substituted dipyridoimidazolinone 2b is thermally more stable than compound 2a, the stability is inverted in case of the uronium salts. The H-substituted dipyridouronium salts decompose only above 144 • C (3a) and 136
• C (4a), while the tert-butyl-substituted uronium salt already decomposes at 75 • C (3b). Uronium salt 4b has a melting point of 83 • C.
Structurally the uronium salts 3a, 3b and 4a show similar bond angles and bond lengths. Fig. 4 shows the molecular structure of the dipyrido uronium salt 3a in the solid state. The C-O bonds of the uronium units measure between 1.3194(2) (3b) and 1.326(3)Å (4a), clearly indicating a single bond character. The N-C-N angles of 107.5(4)
• (4a) and 107.8(2)
• (3a) are significantly increased compared to the respective urea (103.85 (12) • , 2a) and resemble those of the imidazolium salts 7 (vide infra). The alkoxy groups are oriented perpendicular to the dipyridoimidazolium plane with a C-O-C angle of 115 -116 • .
Reactivity of 6-alkoxy-dipyrido[1,2-c;2 ,1 -e]imidazolium salts
Due to the high stability of the urea moiety, the uronium salts turned out to act as weak alkylating agents. In [D 6 ]dimethylsulfoxide, an ethyl cation transfer from the uronium salt 3a to [D 6 ]DMSO with formation of the dimethylsulfoxonium salt 5 can be observed (Scheme 5). A color change from green to reddish Scheme 6. Reaction of in situ-generated carbene with the uronium salt 3b leads to the formation of bisimidazolium salt 8.
brown indicates the presence of the dipyrido urea 2a.
The O-methyluronium salts 4 show analogous reactivity. Therefore DMSO and tetrahydrofuran (slow polymerization) have to be avoided as solvents for dipyridouronium salts; acetone or acetonitrile are the preferred solvents. The alkylating properties are also observed when the uronium salt 3b is reacted with the formamidine base DBU (1,8-diazabicyclo[5.4.0]undec-7-ene). Reaction of 3b with DBU in tetrahydrofuran does not lead to a deprotonation at the ethyl group and elimination of ethylene, but to an ethyl cation transfer to DBU. Product 6 was confirmed independently by generating 6 from DBU with triethyloxonium tetrafluoroborate in tetrahydrofuran. Reaction of the uronium salt 3a with the strong base NaOEt resulted also in an ethyl cation transfer with formation of diethyl ether and the imidazolone 2a.
If less strong and more sterically demanding bases are applied, like Cp-Li, the ethoxy group serves as a leaving group, and fulvene formation is observed, as we have shown in the case of 2-ethoxytetramethylimidazolium tetrafluoroborate [9b]. Therefore it was not clear if the reduction with metal hydrides would lead to the desired imidazolium salts 7 (Fig. 3 , pathway a) or to the undesired formation of ethane and the urea (pathway b).
Preparation of dipyrido[1,2-c;2 ,1 -e]imidazolium salts
The reduction of the ethoxy-imidazolium salts 3 turned out to be quite sensitive towards the applied conditions. We tested various metal hydrides for the reduction of 3b in dried and degassed acetonitrile and found that only NaBH 4 and NaB(OMe) 3 H led to the desired product 7b, however, in not more than 46 % yield. The main side products were di-tertbutyldipyridine XIIIb, urea 2b and a compound that turned out to be the bisimidazolium salt 8. Bisimidazolium salts in general are known for various imidazoline and imidazolidine derivatives including a bis(dipyridoimidazolium) salt described by Jellen [15] . Other reducing agents like potassium hydride or di-isobutylaluminum hydride turned out to be inferior. Table 1 gives an overview of the applied conditions. KH led to imidazolin-2-one 2b and di-tert-butyldipyridine XIIIb (entry 11), while in case of DIBAL-H only formation of di-tert-butyldipyridine XIIIb was observed.
Formation of the bisimidazolium salt 8 could be a result of an in situ carbene formation by reaction of the imidazolium salt with the basic metal hydrides and a subsequent nucleophilic attack at the uronium salt (Scheme 6). A similar reaction leading to bisimidazolium salts was reported by Kuhn et al. for the Scheme 7 . Optimized conditions for the reduction of the ethoxyimidazolium salt 3b. reaction of tetramethylimidazolin-2-ylidene with a 2-fluorotetramethylimidazolium salt [16] . Slow deprotonation of the formed imidazolium salts 7 would also explain why more (0.5 eq.) NaBH 4 is needed to achieve full conversion of the starting material than theoretically expected (0.25 eq.).
To avoid the formation of side products caused by an in situ-generated free carbene we used non-dried acetonitrile to achieve an immediate protonation of the free carbene back to the imidazolium salt 7b by residual water. As a result, formation of the bisimidazolium salt 8 could be suppressed; however, formation of some dipyridine XIIIb and imidazolinone 2b was still observed. After workup the imidazolium salts were isolated in 47 % (7a, cocrystallized with 0.4 eq NaBF 4 ) and 49 % (7b) yield. In addition, 32 % of dipyridine XIIIa and 38 % of di-tert-butyldipyridine XIIIb could be recovered. As oxygen is capable to react with carbenes to form ureas, we finally used degassed acetonitrile and added 1 % of deionized and degassed water. Under these optimized conditions (Scheme 7), the reaction became very clean, and the product 7b could be isolated in 77 % yield as a yellow crystalline solid.
The molecular structure of the tert-butyl substituted imidazolium tetrafluoroborate 7b in the solid state (Fig. 5) shows the BF 4 − counterion to be coordinated to the acidic imidazolium proton 6-H via two fluorine atoms with distances of F3···H6 = 2.403Å and F4···H6 = 2.225Å. The N5-C6-N7 angle measures 107.0(2) • , which is a typical value for dipyridoimidazolium salts. The other bond lengths and angles are similar to those that have been reported before [4a].
Conclusion
In conclusion we found a new and mild synthetic route to dipyridoimidazolium salts starting from dipyridoimidazolin-2-ones via reduction of the respective uronium salts that are readily available by alkylation of the ureas with Meerwein's reagent. The uronium salts themselves turned out to act as alkylating agents when reacted with weak bases like DMSO or DBU or strong bases like NaOEt accompanied by the formation of one equivalent of dipyrido urea. With strong metal hydrides like KH the uronium salts also react to form urea, while softer reagents like NaBH 4 or NaB(OMe) 3 H react according to a nucleophilic substitution at the uronium C-6 atom with formation of the imidazolium salts.
Experimental Section
Unless otherwise noted, all reactions were carried out under an atmosphere of dry argon using standard Schlenk techniques or were performed in a nitrogen-filled glovebox. All solvents were dried according to standard procedures and saturated with argon prior to use [17] . Chemicals used were obtained from commercial suppliers and used without further purification. 1 H and 13 C NMR spectra were recorded using Bruker ARX 250, DRX 300, or DRX 500 spectrometers. 1 13 C NMR spectra were made with the aid of 2D correlation spectra. All NMR spectra were acquired at r. t. Mass spectra were recorded on a Jeol JMS-700 instrument with NBA (nitrobenzyl alcohol) as matrix or on a Bruker ApexQe Apollo II FT-ICR mass spectrometer. Infrared spectra were recorded using a Bruker Equinox 55 FT-IR spectrometer. Melting points were determined with a Büchi B 540 apparatus. Elemental analyses were performed by the Mikroanalytisches Laboratorium der Chemischen Institute der Universität Heidelberg.
6-Dimethylaminodipyrido[1,2-c;2 ,1 -e]imidazolium chloride (1a)
Under argon atmosphere 500 mL of dry toluene is added to a flame-dried flask. At 0 • C 8.21 mL (7.72 g, 105 mmol) of N,N-dimethylformamide and 8.25 mL (12.2 g, 96.0 mmol) of oxalyl chloride are added. The reaction mixture is stirred at 0 • C until gas formation has ceased. Then, 15.0 g (96.0 mmol) of 2,2 -bipyridine is added, and after a short time a green solid is formed. After 30 min at 0 • C 6.7 mL (4.9 g, 48 mmol) of triethylamine is added, and after stirring for 1 h the reaction mixture is allowed to warm to r. t. The solid is filtered, washed with 500 mL of dry toluene and dried in vacuo. Then, the raw product is dissolved in 200 mL of water and brought to pH = 11 with conc. aqueous NaOH at 0 • C. A solid is formed, which is extracted with 3.5 L of diethyl ether. The aqueous phase is brought to pH = 5 with diluted aqueous HCl to avoid alkaline hydrolysis of the product, and the water is evaporated in vacuo. The residue is extracted three times with 200 mL of ethanol, and after evaporating the solvent and drying the light-green solid in vacuo, 15. 
6-Dimethylamino-2,10-di-tert-butyldipyrido[1,2-c;2 ,1 -e]-imidazolium chloride (1b)
Under argon atmosphere 100 mL of dry toluene is added to a flame-dried flask. At 0 • C 4.75 mL (4.49 g, 61.5 mmol) of N,N-dimethylformamide and 4.80 mL (7.09 g, 55.9 mmol) of oxalyl chloride are added. The reaction mixture is stirred at 0 • C until gas formation has ceased. Then, 15.0 g (55.9 mmol) of 4,4 -di-tert-butyl-2,2 -bipyridine is added, and after a short time a green solid is formed. After 20 min at 0 • C 3.9 mL (2.8 g, 28 mmol) of triethylamine is added, and after stirring for 1 h the reaction mixture is allowed to warm to r. t. The solid is filtered, washed with 1 L of dry toluene and dried in vacuo. The raw product is dissolved in 300 mL of water and brought to pH = 11 with conc. aqueous NaOH at 0 • C. A solid is formed, which is extracted three times with 750 mL of diethyl ether each. The aqueous phase is brought to pH = 5 with diluted aqueous HCl to avoid alkaline hydrolysis of the product, and the water is evaporated in vacuo. The residue is extracted with small amounts of acetone, filtered, and the solvent evaporated several times. 39 (s, 18 H, C(CH 3 ) 3 ), 3.11 (s, 6 H, N(CH 3 ) 2 
2,10-Di-tert-butyldipyrido[1,2-c;2 ,1 -e]imidazol-6-one (2b)
To a solution of 10.0 g (27.8 mmol) of 6-dimethylamino-2,10-di-tert-butyldipyrido[1,2-c;2 ,1 -e]imidazolium chloride (1b) in water (200 mL) 16.6 g (415 mmol) of NaOH is added. The reaction mixture is stirred for 1.5 h under reflux, and a red solid is formed. After cooling to r. t. the solid is filtered and washed with 500 mL of water and dried in vacuo. The solid is dissolved in toluene and dried (Na 2 SO 4 ). After crystallization from dry toluene 6.10 g (74 %) of compound 2b is obtained. 1443, 1418, 1369, 1348, 1257, 1126, 661 
6-Ethoxydipyrido[1,2-c;2 ,1 -e]imidazolium tetrafluoroborate (3a)
To a suspension of 2a (4.00 g, 21.7 mmol) in dry acetonitrile (200 mL) 4.13 g (21.7 mmol) triethyloxonium tetrafluoroborate is added at −35 • C under argon atmosphere. The reaction mixture is stirred overnight at r. t., and after evaporating the solvent and drying the green residue in vacuo, 
6-Ethoxy-2,10-di-tert-butyldipyrido[1,2-c;2 ,1 -e]-imidazolium tetrafluoroborate (3b)
To a suspension of 2b (500 mg, 1.69 mmol) in dry acetonitrile (20 mL) 320 mg (1.69 mmol) triethyloxonium tetrafluoroborate is added at −35 • C under argon atmosphere. The reaction mixture is stirred overnight at r. t., and after evaporating the solvent and drying the green residue in vacuo, 676 mg (97 %) of compound 3b is obtained. Besides residual starting material 3b (#), spectrum A shows signals for imidazolone 2b (*) and species 6 (•) which has identical peaks as species 6 (•) obtained from the second reaction (spectrum B).
Dipyrido[1,2-c;2 ,1 -e]imidazolium tetrafluoroborate (7a)
6-Ethoxydipyrido[1,2-c;2 ,1 -e]imidazolium tetrafluoroborate (3a) (2.00 g, 6.66 mmol) is dissolved in acetonitrile (80 mL) and cooled to −30 • C. Then, NaBH 4 (63.2 mg, 1.66 mmol) is added. The reaction mixture is kept at −30 • C for 15 h, then the same amount of NaBH 4 is added. The reaction is allowed to warm to r. t. After 15 h, the reaction is monitored by NMR spectroscopy. In case of an incomplete reaction, additional NaBH 4 (30.0 mg, 0.528 mmol) is added at −30 • C in three portions to achieve completion of the reaction. The reaction mixture is then filtered and the 
